Environmental temperatures can significantly influence the behavior and physiology of terrestrial ectotherms. Small-bodied terrestrial ectotherms can moderate their body temperatures behaviorally via thermoregulation; however, favorable thermal refuges may be limited across heterogeneous landscapes. In such cases, differences in the thermal environment may generate variation in preferred body temperatures among disparate populations. We tested whether geographic variation in preferred body temperatures existed for the Arizona bark scorpion Centruroides sculpturatus, an arachnid widely distributed across the Sonoran Desert. We predicted that geographic variation in thermal preference would exist between populations from a xeric, low-elevation site in western Arizona (Quartzsite) and a cooler, high-elevation site in eastern Arizona (Pinaleño Mountains). We found that scorpions from the Pinaleño Mountains were smaller in body size and exhibited significantly warmer diurnal body temperatures compared to scorpions from Quartzsite. However, no significant difference was detected in the preferred nocturnal temperatures of scorpions from either locality. Scorpions from the Pinaleño Mountains may have shifted their thermoregulatory patterns and selected warmer temperatures during the day as a way to maximize their exposure to favorable temperatures. Less time with mean temperatures within the preferred range of body temperatures may have also lowered metabolic rates of C. sculpturatus in the Pinaleño Mountains, resulting in their smaller female body sizes. The ability of C. sculpturatus to adapt to different thermal regimes may reflect variation in a life history trait which has allowed them to thrive and expand their distribution across the American Southwest.
Introduction
For terrestrial ectotherms, body temperatures can strongly influence physiological functions and life history traits (e.g., metabolic rate, locomotor performance, digestive rate, and adult body size), and the environmental conditions of habitats selected by these organisms can directly influence their fitness (Blouin-Demers and Weatherhead, 2001; Lourdais et al., 2004; Ji et al., 2007; Wapstra et al., 2010) . To maintain favorable body temperatures, small-bodied terrestrial ectotherms thermoregulate by actively seeking out microhabitats with favorable thermal profiles (Halliday and Adler, 2002) . Geographic variation can exist in the availability of favorable thermal refuges (Sears, 2005) , particularly for species with widespread distributions across heterogeneous landscapes characterized by latitudinal and elevational variation in climate. Because terrestrial ectotherms primarily alter their body temperatures through behavioral means (Bartholomew, 1964) , differences in the ambient temperature and availability of thermal refugia across landscapes may lead to intraspecific variation in preferred body temperature.
In this study, we investigated the preferred body temperatures of two populations of Arizona bark scorpion (Centruroides sculpturatus). C. sculpturatus inhabit rocky terrain and riparian habitats across the Sonoran Desert from Sonora, Mexico north to the western edge of the Mojave Desert in Nevada and Utah, USA (Gantenbien et al., 2001; Valdez-Cruz et al., 2004; Rowe and Rowe, 2008) . In Arizona, these scorpions are particularly abundant across an array of habitats ranging from low-elevation xeric desert in the western portion of the state to cooler, high-elevation forested uplands in the east (Spence and Corman, 2005) . The topographic complexity across Arizona has created a heterogeneous thermal environment for species that inhabit this region (Lowe, 1961) . We therefore predicted that we would observe variation in thermal preferences between populations of C. sculpturatus from low and high-elevation sites on opposite ends of the state. More specifically, we hypothesized that populations of C. sculpturatus from the warmer, xeric low-elevation regions of western Arizona would exhibit significantly different body temperatures compared to C. sculpturatus populations from cooler, higher elevation regions in eastern Arizona.
Materials & methods
We collected a total of 55 mature gravid female C. sculpturatus from two sites in Arizona using ultraviolet-light detection. Twentyeight mature gravid females were collected in 2011 and 2012 near the outskirts of Quartzite in La Paz County in southwestern Arizona. The town of Quartzsite sits at 266 m and is characterized by typical Sonoran Desert vegetation, including saguaro (Carnegiea gigantea), creosote (Larrea tridentata), cholla (Cylindropuntia spp.), and ocotillo (Fouquieria splendens). C. sculpturatus were collected from under fallen vegetation and along rocky outcrops among boulderstrewn hills. On 13 April 2012, we obtained 27 mature gravid female C. sculpturatus from the Pinaleño Mountains in Graham County in southeastern Arizona. The Pinaleño Mountains range in elevation from 1150 m at the northern base of the range to 3267 m at the summit (McLaughlin, 1993) . Five ecological communities span the range, including semi-desert grassland at the lowest elevations, Madrean pine-oak woodland at mid-elevations, and subalpine mixed-conifer forest at the highest elevations (Coronado Planning Partnership, 2008) . Within the Pinaleño Mountains, C. sculpturatus were collected off of fractured vertical rock cuts at 1854 m in lower Madrean pine-oak woodland near the transition to juniper-oak woodlands.
After collection, we brought all specimens to the laboratory at the University of Nevada, Las Vegas where they were individually weighed and then placed in separate plastic containers (15.0 Â 9.0 cm) with gravel substrates and maintained at temperatures of 19e29 C. To assess thermoregulatory behavior, we recorded body temperatures of each individual within a thermal gradient designed for small ectotherms (Webber and Bryson, 2012) . The gradient consisted of a rectangular glass enclosure 71.0 cm (length) x 15.2 cm (width) x 15.2 cm (height) with a gravel substrate. We created a linear gradient ranging from 23 to 50 C that increased approximately 3.5 C every 10.2 cm. These temperatures span the range of preferred body temperatures in a variety of scorpions (Warburg and Polis, 1990) , including the striped bark scorpion Centruroides vittatus (36e38 C; Carlson and Rowe, 2009) , as well as upper lethal temperatures (45e47 C; Hadley, 1990) . We fed all scorpions and allowed them to acclimate for 7 days before placing them in the thermal gradient. Using forceps, we placed each scorpion at the midpoint of each enclosure and allowed them to acclimate 12 h prior to data collection. Following the acclimation period, we checked mesasomal (abdomen) body temperature (T b ) of each individual every two hours during a 24-h period using a non-contact infrared thermometer (Model 42505, Extech Instruments, Nashua, New Hampshire, USA). We placed all scorpions on a 13 (ambient) L: 11 D cycle, which corresponded to natural summer conditions at the time of capture. The mean humidity of the room containing the gradient was 40%. We cleaned all enclosures with soap and water and replaced the gravel between trials. We calculated the mean T b for each female using all temperature measurements taken during the 24-h trial period (Hertz et al., 1993; Blouin-Demers and Weatherhead, 2001) . To compare the preferred T b of female C. sculpturatus from Quartzsite and the Pinaleño Mountains during the day (when scorpions exhibit reduced activity) and at night (when scorpions are primarily active), we divided the 24-hr trial period into two components: diurnal (0800e1800 h) and nocturnal (2000e0600 h). We calculated the mean diurnal and mean nocturnal T b for females from each locality, and compared these values using a repeated-measures analysis of covariance (repeated-measures ANCOVA). This method allowed us to compare the T b of female scorpions, while controlling for differences in body size (carapace length, mm) among females.
Results
There was a significant interaction between locality and body size (carapace length, mm), in which females from Quartzsite (X ¼ 5.75 mm ± 0.29 mm, n ¼ 28) were larger than females from the Pinaleño Mountains (X ¼ 5.43 mm ± 0.22 mm, n ¼ 27; ANCOVA, F (1,51) ¼ 5.98, P ¼ 0.02; Table 1 ). The mean diurnal T b of female C. sculpturatus from Quartzsite, Arizona (n ¼ 28), was 42.5 C ± 4.74 C, and the mean diurnal T b of female C. sculpturatus from the Pinaleño Mountains (n ¼ 27) was 43.2 C ± 2.15 C. After controlling for differences in body size among females, C. sculpturatus from the Pinaleño Mountains exhibited significantly higher diurnal T b than females from Quartzsite (repeated-measures ANCOVA, F (1,51) ¼ 5.59, P ¼ 0.02; Table 2 ). Conversely, there was no significant difference in the selected nocturnal T b of scorpions from Quartzsite (X ¼ 40.2 C ± 3.22 C; n ¼ 28) and scorpions from the Pinaleño Mountains (X ¼ 41.3 C ± 4.18 C; ANCOVA, F (1,51) ¼ 2.53, P ¼ 0.12; Table 2 
Discussion
Environmental temperatures can significantly influence the behavior and physiology of terrestrial ectotherms (Blouin-Demers and Weatherhead, 2001; Lourdais et al., 2004; Ji et al., 2007; Wapstra et al., 2010) . However, these organisms can exert control over their body temperatures through alterations in thermoregulatory behaviors. The thermoregulatory patterns of ectotherms can be greatly influenced by the availability of suitable thermal refuges (Blouin-Demers and Weatherhead, 2002) , and heterogeneity among available thermal refuges across a landscape can lead to localized variation in the temperatures selected by organisms (Freidenburg and Skelly, 2004) , particularly among populations of widely distributed species.
We found differences in thermal preference between populations of C. sculpturatus from low and high-elevation sites. We additionally found differences in body size between these two populations. These differences are likely related to variation in the climate between the two localities. For example, the average high and low air temperature in May is 28 C and 12 C at the base of the Pinaleño Mountains (Fort Grant, 1493 m elevation), compared to 36 C and 18 C at Quartzite (Cooperative Climatological Data Table 1 Comparison of body size (carapace length, mm) between female Centruroides sculpturatus from a low-elevation site (Quartzite, n ¼ 28) and high-elevation site (Pinaleño Mountains, n ¼ 27) in Arizona. Although speculative, this inference can be tested in future studies by comparing female body sizes and metabolic rates from high and low-elevation sites across the distribution of this species. C. sculpturatus from the Pinaleño Mountains selected significantly higher diurnal body temperatures compared to females from Quartzsite. At night, however, female C. sculpturatus from both Quartzsite and the Pinaleño Mountains selected similar body temperatures. The higher diurnal body temperatures selected by C. sculpturatus from the Pinaleño Mountains likely enables them to survive in a thermally challenging, high-elevation environment. The Pinaleño Mountains collecting site is higher in elevation than Quartzsite and the temperatures after sunset are typically much colder and drop quicker than at Quartzsite. In the laboratory, female C. sculpturatus from the Pinaleño Mountains may have shifted their thermoregulatory patterns and selected warmer temperatures during the day as a way to maximize their exposure to favorable temperatures. In the wild, this might translate to a nocturnal behavior in which high-elevation scorpions "overshoot" thermal optima early in the night that then allows them to sustain nocturnal body temperatures within the preferred range of body temperature of 41.3e43.2 C as the nighttime temperature quickly drops.
The thermoregulatory behaviors of ectotherms can influence a suite of life history variables. Examining intraspecific geographic variation in these patterns may therefore improve our understanding of mechanisms that contribute to the diversity in life history characteristics within widely distributed species. We discovered intraspecific variation in the thermal preference of C. sculpturatus, a widely distributed Sonoran Desert arachnid. The ability of C. sculpturatus to survive in arid lower desert and in cool high-elevation mountains appears linked to different thermoregulatory behaviors, and variability in this life history trait has likely allowed this species to expand and maintain its wide distribution across the American Southwest. 
